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Introduction

The cellular protein Ras integrates and transduces extracellular signals through protein-protein
interactions of downstream effector molecules (1-4). One signaling pathway regulated by Ras is the
Raf/MEK/ERK signaling cascade (5,6). Through genetic screening of defective Ras cellular signaling in
Drosophila and Caenorhabditis elegans, KSR1 was identified as a positive regulator of Ras signaling
events transversing the Raf/MEK/ERK pathway. Further studies have shown that KSR1 can have both a
positive and negative affect on the ability of Ras to activate ERK MAP kinases (7-11). Evidence that KSR
can interact with multiple members of the Raf/MEK/ERK signaling cascade has led to the suggestion that
KSR1 may act as a molecular scaffold (7-10,12). Previous work from this lab has shown that KSR1 is
phosphorylated on multiple amino acids in vivo, even though the kinase domain on KSR1 has been
shown to be nonfunctional (13). Furthermore, additional work has shown that the level of KSR1
expression in cells can affect cell fate, including proliferation, differentiation, and transformation (14). This
suggests that KSR1 interacts with other proteins, including kinases, that are responsible for the
phosphorylation, activation, or protein interactions of KSR1. Phosphorylation may form docking sites for
other proteins, or induce conformational changes in KSR1 that regulate or coordinate the propagation of
extracellular signals to pathways including the ERK MAP kinase cascade. Work performed under this
grant has attempted to determine what other kinases or other effector proteins interact with KSR1 and
thereby affect Ras signaling.

Body

Task 1 of the award was to identify proteins that associated with KSR1. Work under this award has
resulted in the finding that the protein FHL3 interacts with KSR1 not only in a two-hybrid screen, but also
in 293T cells expressing recombinant FHL3 and KSR1. The region of interaction appears to be in the
amino terminus of KSR1 as a KSR1 deletion construct that expresses only the amino terminal 539
residues is sufficient to bind FHL3. Additional work found that KSR1 interacts with FHOS (Formin
Homology Over-expressed in Spleen) and co-localizes to cortical actin. It was also observed that KSR1
binds to the cytoskeletal proteins vimentin and Flightless I, and also to C-TAK1 (cdc-25C-associated
kinase-1) which phosphorylates KSR1 on residue Ser392. Task 2 of the award was to determine the role
of associated proteins in KSR1 signaling events. KSR1 is phosphorylated on at least 15 residues in
intake cells. A loss of phosphorylation on Ser392 by C-TAK1 leads to increased nuclear localization of
KSR1, and cells expressing KSR1 proteins that cannot be phosphorylated at Ser392 grow at a higher rate
and to a higher density than those expressing wild type KSR1. The interaction between KSR1 and FHL3
suggests that KSR1 is involved in not only CREB-mediated gene expression, but also in the regulation of
cytoskeletal organization. This hypothesis is supported by the additional finding that KSR1 binds to the
actin-modulating protein Flightless I, which contains gelsolin like domains known to cleave F-actin, and a
leucine rich repeat (LRR) domain that has the consensus of other LRR domains known to interact with
Ras. Further support comes from the findings that KSR1 binds FHOS proteins, which link cellular
signaling pathways to the actin cytoskeleton and serum response factor-dependent transcription, and
from the observation that KSR1 can form stable complexes with vimentin, another cytoskeleton modifying
protein. Taken together, the data collected so far suggest that the affects that KSR1 has on cellular
proliferation, differentiation, and transformation may be dependent upon its ability to regulate and or
coordinate the reorganization of the cytoskeleton through its interactions with C-TAK1, FHL3, Flightless |,
FHOS and vimentin.

Key Research Accomplishments

Experiments in this lab have determined that several proteins interact with KSR and that KSR1 level of
expression affects cell motility:

* The expression levels of KSR1 in cells determines ultimate cell fate. Through the use of KSR1-/-
MEFs expressing increasing levels of ectopic KSR1, it was determined that low levels of expression allow
for cellular differentiation into adipocytes, while higher levels of expression inhibited differentiation. In
contrast, higher levels of expression leads to increased proliferation over that observed in cells
expressing lower levels of KSR1 (appendix A, figure 1,).

* Through the use of various motility assays, it was found that the level of KSR1 expression in cells
determines the extent to which cells will migrate (appendix A, figure 2). Migration of cells is necessary for
normal development and wound healing, but is also involved in the formation of metastatic cancers, as

tumor cells migrate from the primary tumor to additional location within the organism. These data suggest




that an understanding of how KSR1 is involved in cell motility may lead to insights into the processes
tumors use to metastasize and possible treatments.

* The protein Flightless | was shown to interact with KSR in co-immunoprecipitation assays
performed in KSR1-/- MEFs and KSR1-/- MEFs expressing ectopic KSR1 (appendix A, figure 3).
Flightless | is a member of the gelsolin family of proteins which serve to bind and cap G-actin and severe
F-actin. Flightless | was has been shown to contain not only gelsolin like domains, but also a leucine rich
repeat (LRR) domain that shows consensus with other LRR domains that have been shown to interact
with Ras. This suggests that KSR1, through its interaction with Flightless I, may participate in cellular
cytoskeletal organization.

. The protein FHL3 was shown to interact with KSR in two-hybrid screens performed with KSR
fusion proteins and HelLa cytosolic extracts, and in human 293T cell expressing ectopic FHL3 and KSR1
constructs. FHL3 is a member of the four-and-a-half LIM (FHL) domain family of proteins. FHL3 has
been shown to interact with the cAMP-responsive element-binding protein (CREB). This suggests that
KSR, through interaction with CREB, may impact CREB responsive gene transcription downstream of
Ras signaling. In addition, FHL3 appears to regulate a-actinin bundling of actin fibers to form stress
fibers, structures required for many cellular processes including cell division and motility. Preliminary
experiments have shown that FHL3 interacts with the amino terminal portion of KSR1, a region of multiple
phosphorylation sites (appendix A, figure 4).

* Additional work has found that the protein FHOS (Formin Homology Overexpressed in Spleen)
also interacts with KSR. FHOS is a member of the Formin Homolgy (FH) family of proteins that link
cellular signaling pathways to the actin cytoskeleton and serum response factor-dependent transcription.
FHOS was previously shown to interact with Rac1, a Rho family GTPase, and appears to be involved in
the stimulation of transcription of genes containing the c-fos serum response element (SRE).

. The protein kinase cdc-25C-associated kinase-1 (C-TAK1) was shown to bind to and
phosphorylate KSR in vivo. Mutation of specific amino acid residues within KSR required for C-TAK1
binding results in a loss of Ser392 phosphorylation. Ser392 has been shown to be involved in
interactions between KSR and the 14-3-3 family of proteins. 14-3-3 proteins are adapter proteins that
regulate protein activity, protein-protein interactions, and can anchor proteins to the cytoskeletal network
of microtubules. Loss of phosphorylation on Ser392 was shown to cause an increase in nuclear
localization of KSR, and to cause these cells to grow at a faster rate and to a higher density than those
expressing wild-type KSR.

. KSR was shown to bind to the cytoskeletal protein vimentin. Vimentin monomers form a network
of microtubules upon dephosphrylation. Co-immunoprecipitation experiments show that KSR forms a
stable complex with vimentin, and that this interaction occurs within the C-teriminal portion of KSR. This
interaction may be required for competent KSR-protein complex formation, and propagation of Ras
signaling. A putative site has been found that may be required for the KSR - Vimentin complex to form.
Loss of this site may hinder normal KSR signaling events, thereby attenuating Ras signaling.

Reportable Outcomes

. A National Research Service Award (NRSA) application was submitted (December 2003) to the
National Institutes for Health (NIH) by Steven. J. Schreiner Ph.D. and Robert E. Lewis Ph.D. based on
the data collected during this award. This award would allow further training for Steven J. Schreiner at
the post-doctoral level, and support continued research into these findings.

. A research grant application is being prepared for submission in February by Robert E. Lewis
PhD. to the state of Nebraska based upon our previous findings from this award. This grant would
provide additional funds to further our investigation in these areas.

* Previous PI Paul Beum Ph.D. has taken a new post-doctoral position at the University of Virginia
at Charlottesville, West Virginia.

* A cell line expressing the C-TAK1 binding mutant has been generated.
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Conclusions

Task 1 of the award was to identify KSR1-associated proteins. Work perfomed under this award has
resulted in the identification of KSR1 interactions with C-TAK1, FHL3, FHOS and Flightless I, and
vimentin. These interactions suggest that KSR1 may be involved in the regulation of cytoskeletal
organization and cell fate determination. KSR1 is required for oncogenic Ras-mediated cellular
transformation, and it is known that cytoskeletal rearrangements occur during transformation. KSR1 may
be operating at the bridge between proliferation and differentiation, with the level of KSR1 being
expressed or available to signal controlling cell fate. Task 2 was to determine the role of KSR1-
associated proteins. Although the roles of FHL3, FHOS, Flightless | and vimentin are partially known,
their involvement in Ras signaling has not been reported. Phosphorylation of KSR1 by C-TAK1 appears
to have effects on KSR1 localization and function, however additional kinases still remain unknown that
phosphorylate KSR1 at additional sites. Further work will be required to determine what other kinases
interact with KSR1, and the exact signaling pathways involved in and controlled by the interactions of
KSR1 with all these known and unknown proteins. If any or all of these novel proteins are required for
proper oncogenic signaling by Ras, they all represent additional targets for attenuating Ras-mediated
cellular transformation.
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Fig. 2. Expression level of KSR1 affects cell motility. KSR1-/- MEFs expressing increasing levels of
recombinant KSR1, or mutant KSR1 constructs were assayed for their ability to migrate through a porous
membrane. The Y-axis indicates the percentage of total cells present that migrated through the membrane.
KSR1.1 = 3x endogenous levels of KSR1 expression; KSR1.2 = 5x; KSR1.3 = 9x; KSR1.4 = 14x. The mutant
KSR1.S392A contains a mutation of a known 14-3-3 binding site; KSR1.C809Y contains a mutation inhibiting
KSR1 interaction with MEK. Both KSR1.8392A and KSR1.C809Y were expressed at comparable levels to
KSR1.1.
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Fig. 3. KSR1 forms a stable complex with Flightless 1. a) KSR1 immunoprecipitations
were performed with clarified lysates prepared from KSR1-/- or wild type MEFs. b) KSR1
pulldowns were performed with clarified lysates prepared from KSR1-/- MEFs and KSR1-/-
MEFs expressing recombinant KSR1. c) Pulldowns of KSR1 proteins were performed with
clarified lysates prepared from KSR1-/- MEFs and KSR1-/- MEFs expressing recombinant
KSR1 or the amino-terminus region of KSR1, KSR1.N539. All pulldowns were resolved by
SDS-PAGE and immunoblotted for KSR1, N539 or Flightless | as indicated.

Fig. 4. FHL3 forms a stable complex with the amino-terminus
region of KSR1 in 293T cells. Recombinant KSR1.N539, amino acids
1 — 539 of KSR1, was expressed alone or co-expressed with FHL3-HA
in 293T cells. HA pulldowns were performed 48 hours later on clarified
lysates. The precipitates were resolved by SDS-PAGE, and
immunoblotted for FHL3 and N539.




